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Equipment Is to be assembled t o  t e s t  the feas ib i l i ty  of - .  

the methods proposed to measure the thermal diffusivity of the 

lunar surface material, 

t he  surface and also within a dri l led hole, 

This measurement is  to be made directly on 

This present report 

outlines thc design calculations for this instimentation, review- 

ing the several optional destgns. 

Surf ace Measurement 

At surface, the thermal dlffusivitp. is to be deduced frm 

*he change In temperature experienced w i t h i n  a region of known 

t r y  as a r e su l t  of abruptly altering the incoming radiation wi- 

this region, This change in the inc&q.radiat ion can be tbe 

result of either shining an infrared l a q  em the desired area, 01: 

abruptly shielding the surface from direct solar radiation, It is 

necessary to estimate the shield dimensions or, aptionally, the Larpp 

dimensions and power, to give measurable temperature changes for a 

diffusivity measurement. A t  this point it is  not necessary to 

solve exactly the heat flow equations for the specific situation 

existing during the diffusivity measurement on the lunar surface, 

Rather, one can select a system which approximates the lunar con- 

ditions and abtain, rather essily, solutions of sufffcient accuracy 

for engueering design, lhis treatment for the surface diffusivitp 

determination is given in &pendiX A, 

this treaonent are as follows: 

The conclusions reached in 

1, Measurement of thermaldiffusivity can be accooqplishedon . 

surface by the use of a shield system having a radius Qf 
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about 11 cm., or by use of a lamp system irradiating an 

area of surface having a radius of at least I1 cm- 

The depth of surface affected by this treatment is on 2 ,  

the order of 4 am. in the time periods required for 

measurement, 

With radiometer sensitivities availablk it is not 

practical to attempt a measurement to separate t h e d  

tonductiviq from thermal diffusivity. 

1 

3- 

Downhole Measurement 

The. basis of study of downhole equipment is given Im 

Appendix B, but the work has not progressed to the point a’llmdng 

conclusions or data to be reported. 

1: 794 -28-2 



. -  APfENDat A 

DESIGN CALCULATIONS FOR SURFACE THERMAL m m x x v m  DETERMINATIONS 

For the design of the surface thermal diffusivity appara- 

tus, the system to be considered is a "semi-infhfte" region z > 0 

init ial ly  at zero temperature throughout t > 0. Carslaw and Jaeger 1 

treats these systems for various heating g e e t r i e s  at the surface 

z = 0,  

rate of q calories per unit time per unit area for t > 0 over the 

The Carslaw and Jaeger solution for a supply of heat at the 

circle x2+ 9 < a2, z = 0 evaluated at the point (0 ,  0 ,  z) is 
. ierfc 

- E erfc f, and erfc = F' Note that ierfc = 

I-erf f ,  so that 

Evaluated at z = 0 ,  equation (2) becomes, 

'Conduction of H e a t  in Solids, H, S, C a r s l a w  and J. C ,  Jaeger, 
Second Editiqn, Oxford at  the Clarendon Press, 1959 
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So far this has been straightforward manipulation of the 

Carslaw and Jaeger solution, and in  this form It gives the tempera- 

ture, 8,  at the center of a circle, radius a, as a function of Z h e ,  

t, for a medium (semi-infinite) z > 0 in i t ia l ly  at zero temperature 
2 2 throughout, having a heat input over x -c y < a' of q calories per 

2 cm per second {no heat f l o w  over the rest u€ the boundary 2 i~ 01, 
K having thermal conductivity K and thermal diffusivity u = - 

P C  
(where p is densi ty ,  t is specif ic  heat). 

This particular solution is now to be used in various xmys 

to  estimate necessary sh ie ld  dimensions and manipulations, or, 

optionally, infrared lamp powers and manipulations, to  accompli& 

- the  aezsuremmt-of thermal diffusivity at t h e  surface, 

The first point considered is  the radius of affected area, 

- a, mecessaq to give measurable temperature differences in season- 

able t i m e  periods, A radiometer viewing a iota1 included angle 

of 22" frons 1 ft, above surface is averaging temperatures over an 

sxea havi~g a radius 30 tam 11. -- 5-8 <3m, 

the affected area must say that over tbe area viewed by the radio- 

meter the -temperature change 6 i s  constant in reasonable tiae 

periods. 

The specifZcatian for 

It seems obvious that as K goes to zero more abrupt changes 

I .  
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-In 8 would appear at the boundary and a uniform tenperamre (in termo 
2 of the space variables) -mid appear over the area x + y2 < ?, The 

dimenstan, a, will be deduced for the highest value of conductivity 

expected, anticipating that  it w i l l  then be usable for all l o w e r  

valses, me &Hication for &e highest value of thermal cm- 

- If* -4 calories ductiviq F t e d  on the lunar surface is 10 c m , s e c , ~  
surface i s  a araterid having density and specif ic  heat approximating 

the values for sand. ~t = 0-4, 

the case of a l o w  density material. so arbitrarily a gc value 

is also to be &&en, F r u m  the Carslaw and Jaeger solution (Fq. 4) 

values of "a" uil l  be determined at MA, for ranges of Q a& t, 9 

in €n&pendent of a, 

of the follawing t r e e m t s - )  
2 

independent of a w h e n  e << 1, w i t h  the additional condition 

ft is necessary to consider also 

0.06 

@CD claw will be made for the rigor of any 

It can be r e a s d  that 9 is 

that 

leaving an expression for 8 in which "a" does not appear 

a =,*- 1/2 
GI 

It remains to estab3ish the values of a, a, and t for which these 

conditions hold, T a k i n g  the original expression, Eqn, 4, and 

7 



Considering only the function within 1, it takes the forr, 

V a l u e s  of chfls function w e r e  computed for several values of < and 
its behavior is shown i n  Fig- 1, 

function becomes unity for values of f > 2-5- 

For practical purposes this 

Therefore, foz 

. 

-4 pc = 0.4, then 0 = 2,SxlO. -4 calorie8 
cm, sec. 'C U K - 1 1 0  

Clal /sec,  

a = 2,Sx104 cm /set, a meastarenrent of thermal dirfusivity can be 

~n later sections ft w i l l  be demonstrated that for 
2 

-3 2 =de in 4000 sec, , and for Q = 2,5x10 cm /see- % a measurement can 

be made in 400 sa, 

that 

temperature change at tbe tenter of a circle, radius = 3 an- is 

In each case the product at = 1, In order 

,z > 2.3 for each of the above cases a > 5 em- zbe a 
2 ( a d  

independent of the radius if the medium has a thermal diffusivity 

less than or equal t o  2,SxlO 

measured for times less than 4000 sec, This i s  alsocorrect within 

- 4 2  cm /set, and the temperatures are 



this radius af -5 em- if tbe meditaa has a thermal diffusivity equal 
to Z,Sx10°3 em 2 f s e c ,  and the temperatures are measured for t k  - 

less than 400 see, Earlier in the discussion the point was made 

that the radiometer for temperature measuremen* would  be v i e w  

a circle of radius abaut 6 CR 

of temperature independent of the boundaries, tfte area in aid 

incoming radiation is altered'must be a drcle af radius greater 

than 6 .+ 5 = 11 ca, Fig- 2 ~ € 1 1  aid in understanding this reasoning, 

remembering tSat the inner 6 ca, radius circle is  viewed by the 

radiometer, and the 5 cm, circles Illustrate the extent of area 

within which, for these tiar limits, the temperature has raditrrr as 

For this' radius to eneluse a r e g t a r  

I 

a parameter, Every point oa the e2rcmference of the circle . 

enclosing the radiometer v i e w  is  a minimum of 5 cm. from the 

boundary of the area affected, which should give within the vier of 

the radiometer temperatures unaffected by radius as a parameter, 

Similar reasoning w i l l  allow an estimate of depth affected 

during t h i s  measurement. Going back to me of the original 

equations, Eqn, 2, evidence has been given that, at z = 0, for 

at = 1 all terms including'a'effectively disappear for values of 

a > 5 cm- 
all terms including 'a'remain negligible for values of a > 5 a. 

Going to  the case for og = 1, at z # 0, it is abvious that __ 

leaving, 
3 

-E2 
The expression w i t h i n  j is the function f7-r -e erfc e 

a 

1: 794 - 28-AS 
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as plotted in Fig- 1, which goes to a negligibly small value war 

Q = *+z = 2. 
2(=) 

For the case at 5 1, z = 4 cm, is the maxillann de& affected by the 

alteration at surface, independent of the radius if affected area. 

It is now possible t o  estimate temperature histories at the po- 

( 0 ,  0 ,  0)  which is thr center of the area of alrered radiation. 

Evidence has been given that, for at 1, a 2 5.- Equation 4 reduces 

to 

where 8 is the temperature change noted at (0, 0, 0) at time, t, 

for an input of heat of q calories per cm per sec, for a s e d -  

infinite medium, z > 0, initially at un€form temperature throughout 

and having a vaht of them1 diffusivity Q = - s d  that (O SI. 

2 

P C  

. This reduced equation is &e exact equivalent ab the so lut ion u 

given by Cars lav  and Jaeger for a constant flow of heat over the 

plane z = 0 into a semi-infinite medium and this-s imilarity in form 

senes  as a check of method- 

For the situation to be examined, q jd Equation (3) is the 

result of abruptly altering i x u c d n g  radiation, so that a balance 

of heat f l o w  mast be re-established e the surface, Fig. 3 is a 

rough sketch of a s m a l l  portion of surface illustrating incoming 

radiation, qI7 a portion of which is absorbed, q2, the surface 

reradiating energy as a function of its emiss iv i ty  and temperature, 

= a&, and being supplied heat from the sed-infinite mea-  q3 
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I 
For a change in conditions, since finite quantities of heat are 46’ 

absorbed or released by &e medium ;Praterials in changbg tempera- 
I 

ture, the time rqulred for arrival at a new equilibrium state is  

governed by certain medium properties, including thermal. conductivity, 

and specific heat, . 

rqating &e effect of ?%e= properties, 

thi! equation is to be a net energy transfer at the surface, q2 - q3, 
*id is a function of surface temperature (q3 - ad). Fig, 4 

plotn the net heat interchange values for three cases of Interest, 

The reduced 4uation (SI gives a means of est i -  

The value of q to be used in 

I 

These cases differ ia the method of altering radiation on surfact. 

To mn’lre?. use of the variable heat interchange associated vitb altering 

incC.rflnr radiation, Equation (5) is  set up in difference fora, 

~ 

realhG that, h c U q  UD analytk solution including a v a r b b h  

- heat function, the assumption Will be made that Equation (5 )  cap be 
i applied at euccessiw times w i t h  q taken to be a function of 

temperature, This giver, 

1 -  
I .  

which relates the  change in temperature, d S n v  in a time step, At, 

~ 

to the properties of the medium, the net heat interchange exist- 

at.the beginning of the step, and the number of steps  take^, 

By use of the data of Fig, 4 and the difference equation yere 

obtained the c w e s  of Figs, 5 ,  6, and 7 illustrating the t v t a w e  

1:794.28-A7 
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histories at the center of an area of altered radiation for the cop- 

ditions noted, It should be possible in any of these cases to 

deduce thermal diffusivity w i t h  fair accuracy, perhaps within about 

IO%, having obtained radiometrically the temperature history. 

more exact statement af precision available can be made after 

operating characteristics of the radiometers are know, but it is 

A 

presumed that temperatures will be known to within ~ . C ,  m e  

curves of Ngs, 5, 6 ,  and 7 give supporting w i d e n c e  for tbs 

previous statement that the measurement of thermal diffusivitiu 

can be accomplishmi +n values of ut 2 1, Going back to the origbal  

Carslaw and Jaeger solution for the point (0, 0, O), 

2 n h  
Note that for e 3  may be sGbstituted &e series fl n-o' 

performing this substitutlan gives, 

thus, as t - o 

. 
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Accepting this as the steady state condition after lung t h e  period., 

it is nQw possible to estbate the f e a s i b i l i t y  of determhlng the 

thermal conductivity of fie surface materials. as distinguished 

from thermal diffusivity,  Ia the equation, 8 = the net heat 

the use of the shield is assumed, 

thee original surface temperacure to be 400'K, the radius to be 10 

Using Tshield = 300'KT ass- 

cm,, and computing the eqtlilibrium condition by a trial and error 

procedure, it is f d  that the surface temperature falls w . € W  

7'C of the shield temperature at equilibrium for a conductivity 

X = 

temperature is within 1% of the  shield temperature, 

radiometer precision available it is no: possible to discriminate 

conductivities by this method. 

calories(cm. see, .CT and that for I(. loo5 the surface 

With the 

This tendency for the l o w  conductivity 

m a t e r i a l  to come to radiatfve equilibrium with an applied source 

holds also for the cases where a point source of infrared i8  uoed 

(e-g,, larcps)., therefore, i t  is felt that only a measurement of 

thermal diffusivity is practical on the surface. 
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APPENDIX B 

DOWNHOLE DETERMIWION OF THERMAL DIFFUSIVITY 

To estimate the thermal diffusivity frm within a hole 

bored into the lunar body, a small blackbody radiator is 

zttached to the bottom -of the soode- 

to this blackbody an increase in temperature 'kith t i m e  w l l l  be noted, 

t h i s  temperature increase being a function of the conduction of heat 

With a constang power input 

away from the  source along leads and supports, storage of heat in 

the sonde and blackbody materials, radiation of heat between btaclt- 

body surface and borehole w a l l ,  storage of heat within the lamar 

body, and conduction of heat away from the borehole through the 

lunar materials . 
The d e w  of the blackbody system is being done empiri- 

ca l ly ,  but as a start an investigation of &ape factors  was made fox 

heat sources in insnlating unconsolidated materials, 

prediction, use was made of the Carslaw and Jaeger' solution for 

As a means of 

the continuous spherical source within an infinite medixm~, 

- .  

with a constsat rate of heating of q calories over the surface o€ 

a sphere of radius a starting at t = 0, the spherical source beips 

in  an infinite medim of density, F, specific heat c, and thermal * 

. 

'Conduction of H e a t  i n  Solids, fl. S, Carslaw and J. C, Jaeger, 
. Second Edition, Oxford at the ClarenQn Press, 1959, pp 263, - 

1:7% 28-111 



tempera- 

R e w r i t i n g ,  - I _  

2 
The -tion (l-c=€ Q erfc Q) is plotted in Fig. 

8 .  

spherical source in media of known properties ,  

Use of this equation allows prediction of heating curve8 for II 

By use of the orlgi- 

nal equation it &s proven e a s i l y  that a surrounding medium giving 

a covering 25 tm, thick in every dimension is effectively an 

infinite medium for values of at < 20, and for values of q = 0-25 

calories per second, 

Three shapes were selected for study on the basis of sonde 

requirements for dimensions and configurations and were  prepared in 

copper drilled out to give equal masses of metal, 

element placed tn each was a 2 w a t t ,  100 ohm, carbon resistor 

The heating 

“potted” in place w i t h  epoxy- 

measure the temperature rise at se l ec ted  points, 

Iron constantan thermocouple wires 

Table I gives the 



. -63- 

data on each of the three shapes. Pig, 9 shuws the configuration, and 

Figs,  10. 11, and 12 show comparison with the C a r s l a w  and 3aeger 

prediction of the heating i n  media of different conductivities, 

the  two shapes which are not spherical the predicted temperature 

For 

rise is computed from the Carslaw and Jaeger solution for a spherical 

suurce, taking a value for radius which is the radius of a sphere 

having equal surface area, In the extension of this study the 

effect of borehole and coupling to  sonde will be simulated by wrk- 

ing in evacuated glass tubing buried in media of differing COQ- 

ductivity, 

. good design prediction, %ut more exact work +s required in the 

calibration, 

This, it should be emphasized, W r l i  a l l w  a sufficiently 
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